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RESEARCE MEMCRANDUM

PRELIMINARY INVESTIGATION OF SEVERAT, TARGET-TYPE
THRUST -REVERSAT, DEVICES

By Fred W. Steffen, H. George Krull, and Carl C. Cilepluch

SUMMARY

Thrust-reversal performance of several basic target-type Jet de-
flectors of various sizes and with various modifications was obtained
with unheated alr over a range of exhaust-nozzle pressure ratios from
1.7 to 3.0. Reversed thrusts up to 58 percent were achieved.

Maximim, or near maximum, reversal for any deflector occurred at a
spacing which was mechanically feasible and which dld not affect nozzle
air flow.

Two easily retractable deflectors, a simple hemisphere and a double-
skin hemisphere, the latter designed to conbrol reversed jet dlrection,
were Investigated while installed on e model of a turbojet engine tall
pipe and cowling assembly. Reversal produced by the installation with
either deflector was found to be about 40 percent at a nozzle pressure
rgtio of 2.0. With the simple hemlisphere, 50 percent of the available
thrust was lost through insufficlent turning and 11 percent was lost
through alr-flow reductlon, shock, and friction.

INTRODUCTION

Modern Jet alrcraft, having high wing loadlngs and attendant high
landing speeds, require an effectlve braking device to safely accomplish
landings within the dlstances allowed by present-day alrports. Three
methods of braking Jjet aircraft are now in common use; wheel braking,
drag parachute braking, end arrester gear braking. The analysis of re-
ference 1 has shown that wheel braking is generally inadeguate and 1s
heavily dependent upon runway surface condltlons and that drag parachute
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breking requires high initial deceleratlon to materiglly affect the
landing distance. Arrester gear braking, of course, requlres that the
equipment and attending personnel be present at all landling flelds from
which the eslrcraft 1la to be operated.

A fourth method, thrust reversal, also analyzed in reference 1,
could provide throttle~conitrolled deceleration at all speeds under all
types of runway condltions wlthout the ald of any ground equipment.
Small amounts of thrust reversal have been obtalned with target-type
thrust spollers and are reported In reference 2,

Because thrust reversal appears to he the most desirable method of
breking mllitery and commercial Jjet alrcraft, the NACA Lewils laboratory
has undertaken an experimental investigation to Improve the reversal
performance of target-type Jet deflectors and to determine some of the
factors which affect thrust reversal, such as deflector geometry, size,

and spacing.

The performance of a small-scale model of a practical thrust-reveraal
installation and a segregation of the incurred reverssl losses were also
obtalned.. The model Included a deflector which had shown good reversal
characteristice combined with a geometry suiltable for retraction and a
tail plpe and cowllng with space for deflector stowage.

APPARATUS AND PROCEDURE

Equipment and Instrumentation

The mechanism used to measure thruet in both pogitive and negative
dlrections is shown in figure 1. The alr-supply duct was connected to
the laborstory alr system by flexible bellows and pilvoted to a steel
frame so that axlel thrust forces along the pipe, both forwsrd and re-
verse, could be freely transmitted and dlrectly read from a balanced-
pressure diaphragm, mull-type, thrust-measuring cell. To assure that
the steel sirap used to transmit the force from the duct to the thrust
cell was always 1n tenslon, 1t was sometimes necessary to preload the
system with counterweights.

The simple exhaust nozzle also shown in figure 1 had a half-cone
angle of 8°, an exit diameter of 4 inches, and a S-inch-ocutside-diameter
approach plpe. The deflectors were mounted on four rods extending from
taba located 8 inches ahead of the exhaust-nozzle exit.
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Exheust-nozzle air flow was measured by means of a standerd A.S.M.E.
sharp-edged orifice. Two total-pressure tubes, about 8 inches ahead of
the exhaust-nozzle exlt, were used to measure exhaust-nozzle inliet pres-
sure, while a barometer was used to measure ambient exhaust pressure.

Figure 2 shows the model engine tall plpe and cowling mounted on
the air supply duct. The exhanst nozzle on thils configuration had =a
6.3° half angle and a 4-inch exit dismeter. Other dimensions were
scaled down from a typlcal nacelle-type turbojet engine lnstallstion.

Instrumentation for the configuretion shown in flgure 2 was similar
to that of the simple exhemst nozzle except for the addition of g total-
pressure tap undernegath the retractlion fairing snd a movable pltot-static
tube, mounted on the floor of the test cell, which was used to measure
the magnitnde and dlrection of the reversed jet.

Deflectors

Typlcal deflector geometries are shown In figure 3. Table I glves
the dimensions and the geometries of the 17 deflectors investigated.
The 17 deflectors were composed of four basic conflgurations, namely the

l-:?]:- and 2-dlsmeter single-cilrcular-arc type and the ]%— and 2-diameter

double-circular-arc type, in three stages of modification, open end,
closed end, and closed and fllleted end, and flve miscellaneocus deflec-
tors. The radil of the fillets added to the four basic configurstions
were equal to the cilrcular-arc radil of the deflector in which they were
Installed and all the deflectors except the 2.2-dlameter cup and the

1%'-d.iame‘ber hemispheres had square frontal projections.

Procedure

Corrected forward thrusts and alr flows of both the simple exhaust
nozzle and the model tail pipe and cowl were first determined over a
range of exhanst-nozzle pressure ratios from 1.7 to 3.0. The deflectors,
wlth the exception of configuration Q, the double-skin hemisphere, were
then in turn attached 4o the simple exhaust-nozzle Installation at varlous
spacings and thelr performsnce evalusted over the same range of nozzle
pressure ratios.

The reversal provided by a complete thrust-reversal installation
over a range of exhasust-nozzle pressure ratlos was determined by means
of the model tail pipe and cowl and two deflectors, configuration P,
the 1.5-dilameter hemisphere, and configuration Q, the 1.5-dilameter
double-skin hemisphere.
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For the entire investigation, unheated alr was used and the nozzle
pressure ratlio was regulated by variation of inlet pressure.

RESULTS AND DISCUSSION
Basic Datsa

Reversal ard air-flow ratio over a range of nozzle pressure ratios
from 1.7 to 3.0 at various spaclings for all the various types and modl-
ficatlions of reverssl devices investigated are shown in figure 4. Re-
versal is deflned as the ratlo, In percent, of the resultant reverse
corrected Jet thrust of the exhaust nozzle - deflector assembly at a
glven exhsust-nozzle pressure ratio to the forward corrected Jet thrust
of the exhsust nozzle alone at the same given exheust-nozzle pressure
ratio. Alr-flow ratlo 1s defined as the ratio, In percent, of the cor-
rected alr flow passed by the exhaust nozzle - deflector assembly at a
given exhaust-nozzle pressure ratio to the corrected gir flow passed by
the. exhaust nozzle alone at the same given exhaust-nozzle pressure ratio.
Deflector spacing ls defined as the dlstance from the exhsust-nozzle exit
to the resr face of the deflector. Deflector size and spacing are re-
ferred to in terms of exhaust-nozzle dliameters.

While most of the important trends in deflector performance are more
clearly shown by the use of subsequent cross plots and a summary curve
at a particulaer pressure ratlo, the curves 1In fligure 4 are Included to
present data over a complete range of pressure ratlos and spacings for
each deflector.

The performance of four basic configurations, namely, the 1%-
diameter and 2-diameter single-circular-arc deflectors, and the l%-

diameter and 2-dlameter double-circular-arc deflectors are shown in
figures 4(a) to 4(d). The performance, at various spacings, of the four
basic conflgurations with the ends closed by the addition of flat plates
is shown in figures 4(e)} to 4{h). The results obtained with a further
modification to the four baslc conflgurations, the addition of flllets,
are presented in figures 4(1) to 4(1)}. Date obtained from four addi-

tlonal configurations, a lémdiameter double-clrcular-~arc deflector, ends

closed and fllleted with sldes extended, a l-diameter single-clrcular-
arc deflector with ends closed and filleted, a 2.2-dlameter cup-shaped
deflector, and a l.5-dlaemeter hemimpherical deflector are shown in figures

4(m) to 4(p).
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Varistion of Reversal wlth Nozzle Pressure Ratlio

Variation of reversal with nozzle pressure ratio may also be noted
from the foregoling curves. Maximm variatlon ln reversal for all con-
flgurations, with the exceptlon of the 1.5-diameter hemisphere, amounted
to gbout 10 percentage polnts over s range of nozzle pressure ratlos
from 1.7 to 3.0, The variation was considerably less, however, for
closed~end conflguratlons at near-optimum spacings. The 1l.5-dlsmeter
hemisphere, while somewhat more sensitive to pressure ratio than other
closed-end configuratlons, showed extreme sensitivity at some spacings
less than optimum, probably because of an Instebility of reversed Jet
direction observed at these spacings.

Variation of Reversal with Alr Flow

It could be expected that maxilmm reversal would occur at a spacing
Just great encugh to permit passage of 100 percent of the normel alr
flow. Any lesser spacing would cause reversal losses through losses in
glr flow and any greater spacing would cause reversal losses through In-
complete turning. Thet maximm or neer-maximum reverssl does ocour at
e spacing which allows an alr-flow ratlo of 100 percent is shown In
figure 5, which is a cross plot of air-flow ratio against reversal, in-
cluding data from gll the foregoing configurations with the exception of
the l-dlameter configurstlion. Conseguently, these deflectors can be
utllized to thelr full extent, if properly positioned, without any effect
on engine operstion.

Variatlion of Reversal wlth Deflector Spacing and Deflector
Spacing Reguired for 100 Percent Alr-Flow Ratio

The effect of deflector spacing on reversal and the spacing required
for 100 percent alr-flow ratlo at a nozzle pressure ratlo of 2.0 are
shovn in flgure 6 for the same conflguratlions. Reverssl performance of
the open~end conflgurations 1s less sensltive to spacing, at spacings
which give less than 100 percent air-flow ratilo, than are the closed-end
conflgurations. At spacings greater than that reguired for 100 percent
alr-flow ratlio, reversal performance, for both open-end and closed-end
deflectore, 1s only slightly affected by change In spacing wlthin the
range of spacings investigated. The renge of spacings required for 100
percent corrected alr-flow ratlio for these deflectors varles from sbout
0.66 to 1.3 nozzle dlameters., The spacings required for 100 percent
alr-flow ratio appear, therefore, to be withlin the limits of mechsnicsal

feasibility.
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Relative deflectar performesnce as affected by slze, geometry, and
mod ification of geometry. - The relative performance of all 16 configura-
tiong at optimum spacing and at a typlcal nozzle pressure ratlo of 2.0
and the effects of varlous modiflcations to the four basic configurations
are shown 1n figure 7. For the open-end conflguratlons, the zZ-dilameter

deflectors proved superlor to the l%~diameter deflectors of eimilar shape
gnd the double-clrcular-arc deflectors proved superior to the single-
clrcular-arc deflectors of similar asize.

Although the original deaslgn philosophy of the open-end circular-
arc deflector called for 1ts retraction up againgt the lower surface of
the wing in a pod-type engine installation in such a way as to permit
the free-stream ailr to pass axially through it, poor reversal (13 to 35
percent) prompted the addition of end plates to prevent escape of the
flow 90° to the thrust axis. Increases in reversal from 3 to 45 percen-
tage pointe were obtalned by the addition of end plates. In this parti-

cular stage of modification, the #%aiiameter configurations showed
guperior performence to the 2-dlameter configurations of similar shape,
and. the l%_diameter gingle-circular-arc conflguration showed superilor

performance to the 1%adiameter double-clrcunlar-arc configuration.

Filleting the sharp internal corners of the deflector to provide a
more efficient flow channel resulted in small reversal 1ncresses amount-
ing to e maximum of 8 percentage points for the 2-diameter double-

circular-arc deflector. The 1%—diameter single-circular-arc, so modl-
fied, resulted in the most efficient deflector of the .16 investigated
and produced a reversal of about 58 percent.

Because of the apparent additlional fiow guidance offered by the
double-circular-arc deflectors, it had been expected that the double-
clrculer-arc configurations would, in all states of modification, be
superior in performance to the single-clrcular-arc configurations.

Since the 1%~diameter double-circular-arc deflector with the ends closed

and fllleted proved to be 8 percentage points less efficient than the
gingle-circular-arc deflector with the ends closed and filleted, it was
supposed that the lack of depth mlght be the reason for ite lnferlor

periformance. Accordingly, the sides of the 1%qdiameter double-circular-
arc deflector with ends closed and filleted were extended to give a
depth equal to that of the %%ﬂiiameter single-circular-arc deflector.
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Performence of the resulting configuration decreased by 9 percentage
points.,

In an attempt to gailn better performance by a further reduction in

deflector slze, prompted by the superior performance of the l%—diameter

configuration in the closed and fllleted stage of modification, the 1-
dismeter single-circular-arc deflector wlth ends closed and filleted
was Investigated. Only thrust spoilage resulted, amounting to sbout 97
percent of the forward corrected Jjet thrust, and no resultant reverse

thrust was obtalned.

The relatlive performsnce of the 2.2-dlameter cup deflector 1s also
shown in figure 7. A 38-percent reversal was obtalned, but changes in
glze might very well Improve the efficlency of this configuration.

Because the inner surfaces of the single-clrculasr-arc deflectors,
with ends closed and fillleted, were approaching hemispherical surfaces,
ani since a hemlspherical deflector would readlly lend itself to re-
traction around the exhaust nozzle, as will be shown later, a 1.5-
dismeter hemisphericel deflector was tested. Its reversal performance,
whilch at & nozzle pressure ratio of 2 amounted to 39 percent, 1s shown
In figure 7.

From the foregoing results, it appears that deflector size and
geometry are Interrelated and that thelr effectis cammot be independently
predlcted. An optimmum size was shown to exist, however, for a perticular
geometry (the single-circular-arc closed and filleted end deflector).

Because the main purpose of the 16 configurations just dlscussed
was to rapidly screen varilous deflector slzes, geometries, and modilfica-
tiona of geometries, no pressure or flow surveys were made for this part
of the investigation.

Application of Target-Type Reversel Device to Typical
Nacelle-Mounted Turbolet Engine Installation
and Analysis of Performance
To determine the performasnce of a deflector mounted on a typical

engine installation, with reverse flow eround the retraction fairing, a
model tail pipe, cowl, and deflector installation was constructed (fig.

2).
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A 1.5-diemeter hemispherical deflector was selected for the model
installation because of its moderately good reversal characteristice and
especlally because of the ease with which 1t could be retracted and
falred. The proposed method of retraction is shown In figure 8, In the
retracted position, the deflector, composed of a large spherilcal sector
A and a small spherical sector B, would provide a smooth contour for the
rear of the installation. For extension to the reversed-thrust position,
the deflector would be translated aft and sectors A and B would be rota-
ted towerd each other, one sllding over the other, untll the nozzle-exit
hole In sector A was covered and a hemlsphere formed.

3177

Performence of the complete installation was simllar to the per-
formance of the 1.5-diameter hemlephere mounted behind the eimple ex-
haust nozzle which has previously been shown in figure 4(p). A velo-
city survey, presented in figure 9(a), showed that the reversed jet
flowing from the hemisphere was turned through an angle of only 120° and
emerged in a sharply defined surface which was completely isolated from
the cowling, thus accounting for the similar performance of the hemig-
pherical deflector on both the simple exhauet nozzle and the model tall-
plpe and cowling assembly. The direction and shape of the reversed Jet
gleo indicated that the Jet dld not follow the contour of the hemlaephere
but was merely deflected by a stagnant reglon within the hemlsphere.

It is interesting to note that 1f no pressure losa occurred in
turning, a 120° turn would produce 50-percent reversal. Because only
39-percent reversal was obtalned at the pressure ratio at which the velo-
clty survey was teken, 11 percent of the avallable thrust was lost through
reduction in alr flow, shock, and friction.

Because such a wlde-angle dlscharge appeared toc be undesirable for
some appllcatlons, a double-skln hemisphere with a perforated inner skin
(fig. 3(J), configuration Q) was designed. It was expected that the
stagnant elr would bleed between the two skine, thms allowlng the main
Jet to follow more closely the contour of the inner skin and be turned
closer to 180°. The design accomplished 1ts purpose by curving the re-
vergsed Jet rather than appreciably changlng the immedlate discharge angle
as can be seen from figure 9(b), which 18 the result of veloclty surveys
taken at several locatlons along the cowl. Pressure under the retraction
falring remained atmospheric.

Because some throttling loss through the holes in the lnner skin
probably occurred and because the lmmediate dlischarge angle of the Jet
was probably somewhat Increased, performance of the 1.5-dlameter double-~
8kin hemisphere was approximately the same as that of the single-skin
hemlsphere and 18 shown in figure 10. It appears, therefore, that by
ed justment of lnner-skln hole area and the dlscharge area between the
imer and outer skins, the reversed Jet along the cowl could be made to
flow at any deslred angle without any severe thrust-reversal penaltles.
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CONCLUDING REMARKS

Of the 17 target-type thrust-reversal devices lnvestigated, the 1%-

nozzle~diameter single-clrcular-arc deflector with closed and filleted
ends produced maximum reversal, asmounting to approximately 58 percent of
the forward Jet thrust.

The effect of closing the ends of various open-end circular-arc
deflectors, which caused Increases In thrust reversal from 3 to 45 per-
centage points, was dependent upon deflector size and confignration.

The effect of filletlng the intermal angles of various closed-end
clrcular-arc deflectors was small, resulting in & meximum reversal in-
crease of 8 percentage points and was also dependent upon deflector size
and configuration.

Maximim or negr-maximum reversal for any conflguratlon could be
obtalned with the deflector positioned such that the corrected alr flow
of the nozzle deflector installation remalned the same as the corrected
alr flow of the nozzle alone, demonstrating that these deflectors can
be efficiently used wlthout affecting engline operation.

Deflector spacing (distance from exhaust-nozzle exit to rear face
of deflector) regquired for an air-flow ratio of 100 percent varled from
about 0.66 to 1.3 nozzle dlameters and appeared mechanically feasible.

Maximim varistion in reversal over a range of nozzle pressure ratlos
from 1.7 to 3.0 for a given deflector at optimum spacing was about 10
percent. The varlation was considersbly less, however, for the closed-
end deflectors (wlth the exception of the 1.5-diameter hemisphere) and
amounted to about 5 percent.

A 1.5-diemeter hemlspherical deflector, chosen as a practical re-
versal device and installed on a model of a typical naceélle-type engine
inatallation, produced 39 percent reversal at a nozzle pressure ratio of
2.0 by turning the jet 120°. OFf the avallable thrust, 50 percent was
therefore lost through Insufficient turning and 11 percent through air-
flow reduction, shock, and friction. A 1.5-diameter double-skin hemis-
phere produced a reversal of 40 percent at the same pressure ratio, but
caused the reversed Jet to flow in a curved path resulting in a turn of
ebout 180°,

Lewis Flight Propulsion Iaboratory
National Advisory Commlttee for Aeronsutics
Cleveland, Ohio, December 21, 1953
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APPENDIX - SYMBOILS

The following symbols are used in this report:

D exhaust-nozzle diemeter

d deflector exit dlameter, exhaust-nozzle dlameters

h deflector exit helght, exhaust-nozzle dlameters

1 deflector spacing in nozzle dlsmeters, meassured from exhsust nozzle

exlt to rear inner face of deflector

P total pressure immediately upstresm of the exhaust nozzle
Pg ambient pressure in the test cell

T total temperature upstream of the exhaust nozzle

W air flow

W deflector exit wildth, exhaust-nozzle diemeters

8 ratlo of total pressure at nozzle Inlet to absolute pressure at NACA
standard sea-level conditions

8 ratlio of total temperature at nozzle inlet to absolute temperature
at NACA standard sea-level condltlons

REFERENCES
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Material Center, Naval Air Station (Phila.), Jan. 13, 1950. (Proj.
TED No. NAM-PP-375 and TED No. NAM-04614.)



12 S NACA RM E53L15b

TABLE I. - DEFLECTOR CONFIGURATIONS

Configuration Deflector exit Geometry Modifications
width and height,
or diameter,
exhgust-nozzle
dlameters
A l% Single clrcular arc | Ende open
B 2 Single circular arc | Ends open
1
c IE Double circular arc | Ends open
D 2 Double circular arc | Ends open
B l% Single circular arc | Ends closed
F 2 Single circular arc | Ends closed
G l% Double circular arc | Ends closed
E 2 Double circular arc | Ends closed
I l% Single circulary arc | Ends closed and filleted
J 2 Single circular arc | Ends closed and filleted
K l% Double circular arc | Ends closed and filleted
L 2 Double circular arc | Ends closed and fllleted
M l% Double circular arc | Ends closed and filleted
and sildes extended
N 1 Single clircular arc | Ends closed and filleted
0 2.2 Cup
P 1.5 Hemisphere
Q 1.5 Double-skin
hemlephere
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Figure l. - Schematic diagram of setup for thrust-reversal investigation.
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(b) Configuretions C end D, double

(e) Configurations A and B, single
ciroular arc, ends open.

circular arc, ends open.

(d4) Configurations G and H, wouble

(c) Configurations E and ¥, single
clrcular arc, enda closed.

circular arc, ends closed.

(f) Configuretions K end L, double
cricular arc, ends closed and filleted.

(e) Configurations I, J, end N, single
circular arc, ends closed and fllleted.

Figure 3. - Typical Jet deflector geometries.
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{g) Configuration M, double circular arc, (n) Configuretion O, cup.
ends clomed and filleted and sides extended.

(1) Configuration P, hewlsphere. (3) Configuretion Q, double-skin hemigphers.

Figure 3. - Cancluded. Typlecal Jet deflector gecametriea.
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